Objectives-Two-dimensional shear wave elastography (2D-SWE) imaging for the noninvasive assessment of tissue stiffness was assessed for reproducibility in healthy volunteers in quantifying liver elasticity, compared with an established point shear wave elastography (p-SWE) technique also known as virtual touch quantification (VTQ) (SIEMENS).
L
iver fibrosis is the common pathway for many chronic liver diseases, the presence of which has been used as a primary endpoint in evaluating the severity of chronic liver disease, guiding the treatment strategy and assessing the efficacy of drug therapy. 1 Currently, liver biopsy is considered the "gold standard" in evaluating the degree of liver fibrosis, although there are major limitations. 2 It is an invasive procedure with associated morbidity ranging from pain, hemorrhage, intrahepatic arteriovenous fistula formation, damage to other intra-abdominal organs, with a mortality rate between 0.1 and 0.01%. 3, 4 In addition to patient morbidity and mortality, the accuracy of histological interpretation of the liver biopsy is limited by significant sampling error. 5, 6 On average, a small sample of approximately 1 in 50,000 of the liver by volume 7 is extracted during the biopsy, and such a small sample is insufficient in assessing viral hepatitis, in which the liver changes may be unevenly distributed. 8, 9 Histological analysis of the biopsy has also been shown to be subject to interand intra-observant variability. [10] [11] [12] The advantage of using tissue elastography to assess the degree of liver fibrosis is that the technique is noninvasive, with higher patient acceptance and compliance. Shear wave elastography (SWE) is one such noninvasive technique that can quantify the liver stiffness by measuring the speed of shear waves in the tissue of interest using dynamic excitation, which can be either mechanically or ultrasound induced. Transient elastography (TE) uses a mechanically induced "thump" at the tissue surface and measures the shear wave propagation speed through the liver parenchyma. Although the measurements from TE (FibroScan, Echosens, Paris, France), has been shown to correlate well with advanced fibrosis stage of the liver, 13 its clinical use is limited in patients with ascites and severe obesity. In addition, TE does not offer the capabilities of an ultrasound machine, and therefore does not assess anatomical information and cannot confirm the exact site of the assessment.
P-SWE and 2D-SWE imaging use ultrasoundinduced acoustic radiation force impulses to generate shear waves. They are available as an add-on function on ultrasound machines in which B-mode imaging can assess the underlying liver morphology. In comparison to liver biopsy, SWE is less prone to sampling error, as a much larger area of the liver can be assessed. Point SWE displays the degree of tissue displacement as a numerical output (ie, the average shear wave speed within a small region of the interest [ROI], expressed in meters per second). Alternatively, 2D-SWE such as Supersonic Shear Imaging (SSI; SuperSonic Imagine, Aix-en-Provence, France) displays a color map of stiffness within a ROI from which shear wave speed can be subsequently calculated by placing a ROI box within the displayed color map.
14 Studies show that both p-SWE (eg, Virtual Touch quantification [VTQ], Siemens, Mountain View, CA]) and 2D-SWE using SSI produce good diagnostic accuracy. Piscaglia et al were able to identify the presence of cirrhosis with good accuracy and demonstrated good interobserver reproducibility using p-SWE (VTQ). 15 Previous studies have also demonstrated a good intra-and interobserver reproducibility in healthy volunteers using SWE techniques. [16] [17] [18] A newer 2D-SWE technique (LOGIQ E9, GE Healthcare, Chalfont St Giles, UK) has been developed, which also displays 2D images of shear wave speed in a ROI, but as yet has not been subject to clinical scrutiny.
The aim of this study was to investigate the reproducibility of this new 2D-SWE technique in quantifying liver elasticity in healthy volunteers, with direct comparison with a more established p-SWE technique (VTQ).
Materials and Methods
This study was performed under ethics approval from the regulatory board of the hospital as part of a global approval for SWE studies. Written informed consent was obtained from all volunteers. ) in our institution. The participants completed a health questionnaire before the study began. The inclusion criteria were age older than or equal to 18 years, no previous medical history (including diabetes mellitus, hypertension, or positive viral hepatitis serology), no previous abnormal biochemical liver function test within the preceding 5 years, no regular medication or substantial alcohol intake (defined as less than 16 g alcohol daily for women and less than 24 g alcohol for men). Female volunteers confirmed that they were not pregnant at the time of this study.
Study Population

P-SWE Imaging
All volunteers were examined in the morning following an overnight fast. An initial conventional B-mode sonographic examination of all volunteers was performed, confirming no general or focal liver abnormalities, and thus allowing participation in the study. All volunteers were scanned in supine position with right arm extended above the head to increase the intercostal space. Tissue stiffness analysis was performed using the VTQ imaging application on an Acuson S3000 system equipped with a convex broadband (6C1, 1.5-6 MHz) transducer. Quantitative p-SWE measurements in the form of shear wave velocity (swv) were obtained from the selected ROI tissue using a standardized ROI box (fixed dimension of 10 3 5 mm) during a brief breath-hold period (< 5 s). The ROI box was placed at a depth between 2 and 8 cm, avoiding the liver capsule, blood vessels, and biliary tract within segments 5 or 6 of the liver, according to a previously reported technique. 17 Ten consecutive valid measurements were taken from the right lobe of the liver using an intercostal approach, with the observers blinded to the readings.
2D-SWE Imaging
Following 2 minutes of rest and without changing subject position, the healthy volunteers underwent 2D-SWE imaging using a LOGIQ E9 machine, equipped with a convex broadband (6C1, 1.5MHz -6MHz) transducer. Under the elastogram display mode, the ROI box was placed at a depth between 2 and 8 cm, avoiding the liver capsule, blood vessels, and biliary tract within segments 5 or 6 of the liver, according to a previously reported technique. 17 Two consecutive static 2D color maps within a single breath-hold (approximately 10 to 20 s) were saved, allowing subsequent calculation of the swv (meters per second) by placing a 10 x 10 mm circular ROI within the existing color map box. This was repeated five times to generate 10 measurements, with the observer blinded to the readings (Figure 1 ).
Test of Interobserver and Intra-observer Reproducibility
Each session involved volunteers being imaged by four separate operators who were blinded to the previous results and those obtained by the other operators performing the study. Each operator performed 20 consecutive measurements (10 on each machine) from each volunteer during the two sessions. The results on the ultrasound monitor were obscured, with an independent person confirming that each reading taken was a ''valid'' measurement. To determine the intra-observer error, 10 repeated measurements from each operator on each machine were assessed. To determine the interobserver reproducibility, the mean values from each volunteer were compared among the operators. The overall intraobserver reproducibility among all operators was calculated as the agreement between the first and second study sessions.
Statistical Analysis
Statistical analysis was performed with SPSS statistical software version 22.0 (IBM Corp, Armonk, NY). The variables were first tested for normality using the Shapiro-Wilk test. Descriptive data were reported as the mean and standard deviation or median (interquartile range) as appropriate.
To evaluate the intra-observer and interobserver reproducibility and the overall intra-observer reproducibility between study sessions 1 and 2, intraclass correlation coefficients (ICCs) were obtained. The reproducibility was considered as excellent (ICC 0.87), good (0.87 > ICC 0.71), fair (0.71 > ICC Figure 1 . A, Point SWE measured through an intercostal space of the liver using VTQ. The rectangular indicates the ROI where the average SWE is calculated. B, Real-time 2D-SWE images performed through an intercostal space of the liver using LOGIQ E9. The rectangular box is the field of view where the shear wave measurements are taken. The machine provides the mean, median minimum and maximum, and standard deviation of the elastography measurements within the region of interest, which is shown in (B) as the dotted circle within the field of view.
0.50), or poor (ICC < 0.50). 9 The 95% confidence intervals (CIs) were calculated. In addition, a Spearman correlation coefficient was obtained to analyze the correlation between the median p-SWE and 2D-SWE measurements of each volunteer and operator combination. To assess the agreement between p-SWE and 2D-SWE, the Bland-Altman plot was used to analyze method-related variations using the mean value between study sessions 1 and 2. 19 As the differences between p-SWE and 2D-SWE are normally distributed, 95% limits of agreement are calculated. A one-way t-test was used to test whether the mean difference between the p-SWE and 2D-SWE are different from zero. A P value of less than .05 was considered to be statistically significant.
Results
A total of 880 velocity measurements were recorded from four operators for p-SWE and 2D-SWE separately. There is very little intra-observer error with excellent ICC for all four operators during both study sessions, ranging from 0.97 to 0.99 for p-SWE and from 0.97 to 0.99 for 2D-SWE measurements, with a 95% CI range from 0.93 to 0.99 for p-SWE and 0.92 to 0.99 for 2D-SWE ( Table 1 ). The overall intra-operator reproducibility between session A and B was good to excellent for both p-SWE and 2D-SWE, with an ICC of 0. The correlation between p-SWE and 2D-SWE measurement was strong with a significant Spearman's coefficient r 5 0.87 (P 5 .0006). The Bland-Altman plot shows that the mean difference between p-SWE and 2D-SWE is 0.01 m/s with no statistical significant systematic difference between the two measurements (P 5 .45). The 95% upper and lower limits of (Figure 3) . However, there is a statistically significant relationship between the difference of the two measurements and the mean value of the two measurements, indicating the presence of proportional bias between the two methods (P < .001). Body mass index was not significantly correlated with liver elasticity using p-SWE (r 5 0.25, P 5 .47) or 2D-SWE (r 5 0.05, P 5 .89). However, age demonstrated a significant correlation with liver elasticity using p-SWE (r 5 0.8, P < .01) and 2D-SWE (r 5 0.7, P < .01).
Discussion
We have established that both p-SWE using VTQ and 2D-SWE using LOGIQ E9 have an intra-and interobserver reliability similar to previous reproducibility studies for p-SWE using VTQ 17 and 2D-SWE using SSI among healthy volunteers and multiple operators. 20 These previous studies included 10 volunteers and 3 observers, similar to our 11 volunteers and 4 observers. This will allow future clinical studies to establish swv ranges among the patient populations with different stages of liver fibrosis. The mean p-SWE swv in our volunteers was 1.19 m/s (range: 0.98-1.64 m/s), which is similar to other larger volunteer studies. 21, 22 Both p-SWE using VTQ and 2D-SWE using SSI have previously demonstrated good reproducibility in healthy subjects and patients with intra-and interobserver ICC values between 0.83 and 0.95. 18, [23] [24] [25] [26] [27] 37 They allow simultaneous B-mode assessment of the liver as well as quantitative analysis of liver stiffness. However, these techniques differ in that the p-SWE outputs average swv from a fixed ROI box, which equates to approximately 50 mm 2 ; therefore the evaluated area of liver cannot be modified. In contrast, in 2D-SWE, the size of the ROI box can be adjusted within the sampled area with a maximum sampling area of approximately 360 mm 2 . In our study, a 10 3 10 mm circular ROI was placed within the sampling area. This allowed the swv to be calculated from any region within the color box, after the study, avoiding areas of obvious vascular or biliary structures that would compromise the readings. The final area used to calculate the mean swv are therefore comparable between p-SWE and 2D-SWE.
In addition to the reliability of p-SWE and 2D-SWE, other confounding patient factors such as age, BMI, ascites, and steatosis may also contribute to the variability of the measurements. 16, 17, 28 Although previous studies using TE in 2114 patients with chronic liver disease showed that BMI was associated with a high failure rate (4.5%), 29 more recent studies using p-SWE (VTQ) show similar intra-and interobserver reliability in patients with BMI higher or equal to 25 kg/m 2 versus less than 25 kg/m 2 . 28, 30 A study of normal hepatic elasticity in 196 patients with biopsy-proven normal liver histology with a range of ages and BMI showed that potential confounding factors such as age, BMI, and presence of steatosis have negligible effects on liver stiffness measurement. 31 We also demonstrated that BMI is not significantly correlated with swv measurements. Although a similar sized volunteer study showed age was significantly correlated with swv 17 , a larger study using p-SWE (VTQ) showed that age does not influence liver stiffness values. 32 As postulated by Jaffer et al, our results may be caused by a narrow range of volunteer's age. 17 There is also a technical factor that can influence the variability of the liver stiffness measurement. Chang et al demonstrated that the results with lowest variability are obtained at a depth of 4 to 5 cm with a convex transducer (1-4 MHz) using p-SWE (VTQ). 33 In terms of evaluating the diagnostic performance of different SWE methods, previous studies have predominantly compared 2D-SWE using SSI or p-SWE using VTQ with TE imaging. Leung et al showed that 2D SWE (SSI) has a better correlation with histological stage for the assessment of liver fibrosis than TE. 20 Other studies have shown comparable diagnostic accuracy in assessing liver fibrosis using p-SWE (VTQ) and TE. 34, 35 Cassinotto et al compared liver stiffness measurement using 2D-SWE (SSI), p-SWE (VTQ) and TE, and showed that the diagnostic accuracy of mild fibrosis and cirrhosis was similar, but 2D-SWE (SSI) had a higher accuracy than TE for the diagnosis of severe fibrosis (F3). It also had a higher accuracy than p-SWE (VTQ) for the diagnosis of significant fibrosis (2) . 36 This is the first study in which the reliability of 2D-SWE using LOGIQ E9 has been compared with p-SWE in healthy volunteers. This facilitates further comparison studies between both techniques in patients with chronic liver diseases. One study compares the reliability of 2D-SWE (SSI) with p-SWE (VTQ) in healthy volunteers and patients with various stages of chronic liver disease and demonstrated higher absolute liver swv measurements with 2D-SWE 37 (overall difference of 0.24 m/s). Furthermore, the overall intra-and inter observer agreement was significantly higher with p-SWE than with 2D-SWE. Our current results suggest that the 2D-SWE using the LOGIQE9 and p-SWE (VTQ) have similar levels of intra-and interobserver agreement, with the CIs between the two measurements overlapping. We found no significant systematic difference between the measurements performed on the two machines (ie, the mean differences measured by the two machines were not significantly different from zero). However, the measurements showed significant proportional bias with the 2D-SWE LOGIQ E9 measurements tending to be higher at low swv vs p-SWE, whereas the p-SWE tended to give higher measurements at higher swv. This is in agreement with conclusions from Woo and colleagues 37 who states that swv measured with p-SWE and 2D-SWE should not be used interchangeably. When assessing liver fibrosis in patients with chronic liver disease during initial diagnosis and subsequent evaluation, the same elastography machine should be used. The cut-off values established for p-SWE imaging cannot be applied when assessing patients using 2D-SWE.
The principal limitation of this study was the limited number of volunteers. We could not compare the technical success rate between p-SWE and LOGIQ E9 imaging, and the effect of other confounding factors on the variability of the swv measurement could not be accurately assessed.
In conclusion, swv measured using p-SWE (VTQ) and 2D-SWE (LOGIQ E9) are both reproducible in a healthy volunteer population, and the degree of reliability does not differ from one another. Although the measurements from p-SWE and 2D-SWE have a statistically significant correlation, our results demonstrate that the measurements from p-SWE and 2D-SWE do not agree equally through the range of measurement, and absolute measurements from both machines should not be used interchangeably.
